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ABSTRACT: Carbohydrate-carbohydrate interactions are proposed to be biologically significant but have lower affinities 
than the well-studied carbohydrate-protein interactions. Here we introduce multivalent glyco-nanostructures where the 
surface-expression of lactose can be triggered by an external stimulus, and a gold nanoparticle core enables colorimet-
ric signal outputs to probe binding. Macromolecular engineering of a responsive polymer ‘gate’ enables the lactose 
moieties to be presented only when an external stimulus is present, mimicking of how Nature uses enzymes to dynam-





termed	 lectins,	which	 engage	 in	 relatively	weak	 interactions	
with	individual	glycans	with	mM	affinity.2,3	To	overcome	this,	
glycans	are	presented	on	cells	in	a	multivalent	format,	enabling	




finity5	 and	 can	 compete	 for	 native	 ligands	 in	 anti-adhesion	
therapy,6–8	or	as	biosensors.9,10		






cell	 recognition12	 and	 the	 aggregation	 of	 marine	 sponges	 is	









noparticle	 based	 systems	 have	 been	 synthesized	 and	 evalu-
ated	 for	 CCIs.11,16,19	 These	 extremely	weak	 interactions	 have	





have	 used	 glycan-functional	 gold	 nanoparticles	 with	 SPR	 to	
demonstrate	 strong	 CCI	 multivalent	 effects.15	 Russel	 and	























ensuring	 lectin	 binding	 only	 occurs	when	 the	 system	 is	 acti-
vated.33		
Herein	we	describe	dynamic	nanomaterials	where	the	sur-
face	expression	of	glycans	can	be	externally	 triggered,	 to	 in-
duce	a	carbohydrate-carbohydrate	interaction.	We	show	that	









Figure	 1.	 Synthesis	 of	 gated	 glycoparticles.	 A)	 Synthesis	 of	 glycosylated	

















PFP-pHEA15	 15/1/0.2	 93	%	 2100	 4800	 1.10	 -	






propylacrylamide)	 (pNIPAM)	 were	 respectively	 chosen.33	
pNIPAM	was	polymerized	using	CTA-2	2-(dodecylthiocarbono-
thioylthio)-2-methylpropionic	acid).	pHEA	was	polymerized	us-
ing	 CTA-1	 (pentafluorophenyl	 2-(dodecylthiocarbonothi-
oylthio)-2-methylpropionic	acid)	which	enables	installation	of	
amino-glycans	onto	the	chain-end	by	displacement	of	the	PFP	
group.34	 PFP-pHEA15	 was	 functionalized	 by	 addition	 of	 2-
amino-2-deoxy-D-galactose	 (GalNH2)	or	1-aminopropyl-D-lac-
tose	(LacNH2),	which	was	synthesized	in	4	steps	from	lactose	











hence	 a	 full	 concentration	 dependent	 study	 on	 this	 well-
known	polymer	was	not	undertaken.26	
	 60	 nm	 Gold	 nanoparticles	 (Au60)	 were	 coated	 with	
the	indicated	(Table	2)	ratios	of	each	polymer	to	generate	par-
ticles	bearing	either	pure	glycan	coatings,	or	mixed	glycan/re-
sponsive	 polymer	 coatings,	 which	 have	 been	 found	 to	 give	




















Au60	 534	 58	 -	 -41(e)	
pNIPAM50@Au60	 538	 75	 59	 -15	
Lac-pHEA15(9)	
/pNIPAM50(1)@Au60	
538	 67	 52	 -14	
Lac-pHEA15@Au60	 537	 66	 -	 -11	
GalNAc-pHEA15@Au60	 537	 66	 -	 -9	
(a)	Surface	plasmon	resonance	band;	(b)	determined	by	DLS;	(c)	determined	






teractions	at	 the	particle	 surface.	 Lac-pHEA15@Au60	 and	Gal-
Nac-pHEA15@Au60	(i.e.	non-responsive	coatings)	were	exposed	
0.1	to	100	mM	of	Ca2+.	Ca2+	is	the	primary	divalent	ion	which	
bridges	 appropriate	 glycans	 to	 initiate	 the	 CCI.	 Following	 30	
min	 incubation	Lac-pHEA15@Au60	showed	distinct	shifts	 in	 its	
UV-Vis	with	the	SPRMAX	decreasing	and	Abs700	increasing,	con-
sistent	with	cross-linking,	Figure	2.36,38	Conversely,	addition	of	
Ca2+	 to	 GalNAc-pHEA15@Au60	 showed	 very	 minor	 spectral	
changes	with	essentially	 zero	aggregation	 (isotherms	 in	 ESI).	
TEM	analysis	confirmed	these	observations	(Figure	2E).	GalNAc	
does	not	undergo	self-self	CCIs	and	hence	excluded	the	possi-
bility	of	non-specific	 interactions	due	to	changes	 in	 the	 ionic	
 strength	 of	 the	 buffers.	 Similar	 results	 were	 obtained	 using	
Mn2+,	also	a	divalent	cation	which	can	drive	CCI	(ESI).	To	further	
corroborate	the	link	between	glycan	presentation	and	aggre-





spectra	 recorded	 (Figure	 2C/D).	 SBA	 requires	 calcium	 to	 be	
present	in	the	binding	mix,	but	at	concentrations	which	did	not	
cause	CCI	aggregation.	Lac-pHEA15@Au60	showed	no	aggrega-
tion	 but	 GalNAc-pHEA15@Au60	 underwent	 strong	 dose-de-
pendant	binding	to	SBA	.	These	control	experiments	confirmed	
the	 differential	 presentation	 of	 glycans	 on	 the	 nanoparticle	





nanoparticles.	 A)	 Lac-pHEA15@Au60	 with	 Ca2+;	 B)	 GalNAc-pHEA15@Au60	
with	 SBA;	 C)	 Lac-pHEA15@Au60	 with	 SBA;	 D)	 GalNAc-pHEA15@Au60	 with	
SBA;	E)	TEM	analysis	of	Lac-pHEA15@Au60	with	and	without	Ca2+	Scale	bar	
=	500	nm.		
The	 above	 data	 demonstrated	 the	 challenge	 of	 self-self	 CCI	
study;	when	lactose-functional	materials	are	placed	in	the	bio-
logical	buffers	spontaneous	self-aggregation	is	always	going	to	




















at	 40	 °C	 which	 is	 above	 the	 chain	 collapse	 temperature	 of	
pNIPAM,	 but	 below	 the	 threshold	 for	 them	 to	 aggregate	
(avoiding	false	positives,	see	Table	2),	Figure	3E/F.	Addition	of	
Ca2+	 lead	 to	 a	 clear	 increase	 in	 Abs700	 and	 time-dependent	



















C	 shows	 the	 dynamic	 particles,	 Lac-
pHEA15(9)/pNIPAM50(1)@Au60,	at	both	20	and	40	 oC	 showing	
nanoparticles	 were	 only	 bound	 at	 the	 higher	 temperature,	
when	the	gate	 is	 ‘open’.	SEM	of	 the	GM-3	surfaces	corrobo-










noparticles	 +	 Ca2+.	 False-colour	 SEM	 at	 GM-3	 surfaces	 of;	 D)	 Lac-
pHEA15@Au60	 at	 20	 oC;	 E)	 GalNAc-pHEA15@Au60	 20	 oC;	 F)	 Lac-
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